This work presents a systematic investigation of the reactions of o-, m-and p-phenylenediacetic acid with Zn(II)/Cd(II) salts in the presence of different semi-rigid o-, m-and p-bis(imidazol-1- (13) and [Cd(µ 3 -ppda)(µ-pbix)] n (14) (o/m/ppda = 1,2/1,3-/1,4-phenylenediacetate, o/m/pbix = 1,2-/1,3-/1,4-bis(imidazol-1-ylmethyl)benzene) -have been prepared and structurally characterized. Two of the complexes were found to possess one-dimensional (1D) structures, eleven complexes were found to be two-dimensional (2D) coordination networks and one of the complexes was found to be a three-dimensional (3D) coordination network. Of the 1D structures, 3 forms nanotubes, 2 whereas in 8 pairs of pbix ligands bridge the zinc(II) centers to generate Zn 2 (pbix) 2 dimers, which in turn are linked together by pairs of ppda linkers to give chains. Compound 5 contains a 4-fold interpenetrated 3D framework. The structure of 10 contains interpenetrated 2D frameworks, leading to a three-dimensional gross structure. The thermal stabilities and luminescent properties for 1−14 are also reported.
Introduction
The synthesis of coordination polymers (CPs) with different structural properties and functionalities is currently a very active research area [1, 2] . In recent years, a large number of coordination polymers have been synthesized to investigate the effect of organic linkers on their structural properties. CPs have been exploited for many different technologies [3] [4] [5] including gas storage [6] , separation [7] , catalysis [8] and bioapplications [9, 10] .
The selection of anionic and neutral ligands is arguably the most important parameter in the design and synthesis of these materials [11, 12] . In the construction of CPs, aromatic and aliphatic polycarboxylate ligands, especially aromatic polycarboxylates have been extensively used and continued to be popular [13] [14] [15] [16] . Recently, semi-rigid polycarboxylates which possess both aromatic and aliphatic groups have attracted considerable attention in CP chemistry [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] . These ligands are excellent candidates for the formation of CPs with interesting properties.
Semi-rigidity affords the potential for changes in coordination ability following crystal-tocrystal transitions [34, 35] , while maintaining the potential for porosity, which is often not possible with very flexible linkers due to their propensity to form more close-packed structures.
A considerable amount of research has been carried out using a combination of anionic polycarboxylate and neutral N,N'-donor ligands, and mixed-ligand coordination polymers, assembled from polycarboxyate and nitrogen-rich co-ligands have been shown to form highdimensional polymeric structures often with novel topologies. However, most of the previous work in this area has focused on utilizing rigid aromatic polycarboxylate ligands and N,N′-donor co-ligands with different metal ions [23] [24] [25] [26] .
This study aims to investigate the effect of using semi-rigid organic molecules as both the anionic and neutral linkers in mixed-ligand coordination polymers. Both phenylenediacetates and bis(imidazol-1-ylmethyl)benzenes contain rigid aromatic rings and more flexible methylene groups, and they can form cis and trans conformations via rotation around the C-C bonds. In addition, the choice of phenylenediacetates as the anionic linkers and There are a number of previous studies using phenylenediacetates with N,N'-donor coligands [23, 25, 26, 28] , but those employing semi-rigid bis(imidazole) derivatives as neutral ligands are extremely limited [22, 31, 36] .
In this study the effect of temperature, pH, metal source, and solvent in the formation of coordination polymers were investigated. Fourteen new coordination polymers have been synthesized and the compounds have been characterized by elemental analysis, IR spectroscopy, and X-ray single crystal and X-ray powder diffraction analyses. The thermal and photoluminescence properties of the complexes were also investigated.
Experimental section
All chemicals were commercially available and used without further purification. Elemental analyses (C, H, and N) were performed on a Perkin-Elmer 2400C Elemental Analyzer. IR spectra were recorded on a Bruker Tensor 27 FT−IR spectrometer using KBr pellets in the range of 400−4000 cm −1 . Thermal analyses (TG, DTG and DTA) were carried out with a Perkin Elmer Diamond TG/DTA Thermal Analyzer in the static air atmosphere with a heating rate of 10 ºC/min in the temperature range of 30-700 °C. Powder X-ray diffraction patterns (PXRD) were recorded on a Rikagu Smartlab X-ray diffractometer operating at 40 kV and 30 mA with Cu-Kα radiation (λ = 1.5406 nm). The photoluminescence (excitation and emission) spectra for the solid complex samples were determined with a Perkin-Elmer LS-55 Fluorescence spectrometer. 
Synthesis of {[Zn

Synthesis of [Cd(µ 3 -ppda)(µ-pbix)] n (14)
A mixture of H 2 ppda (0.8 mmol, 0.15 g), CdCl 2 (0.8 mmol, 0.14 g), pbix (0.8 mmol, 0.21g) and DMF (30 mL) was placed in a 45 mL Parr brand teflon-lined acid digestion bomb and sealed then heated at 140 ºC for 6 days, and then cooled at a rate of 5 ºC h -1 to room temperature.
Colorless crystals of 14 were collected by filtration and washed with water. Anal. calcd. for 3123w, 3106w, 2925w, 1557vs, 1511m, 1382vs, 1234w, 1089m, 936m, 836m, 724s.
X-Ray diffraction analysis
Suitable crystals of 1-14 were selected for data collections which were performed on a
Bruker APEX-II diffractometer equipped with a graphite-monochromatic Mo-K α radiation at 296 K. The structures were solved by direct methods using SHELXS-97 [37] and refined by full-matrix least-squares methods on F 2 using SHELXL-97 [37] from within the WINGX [38] suite of software. All non-hydrogen atoms were refined with anisotropic parameters. The H atoms of C atoms were located from difference maps and then treated as riding atoms with C-H distances of 0.93-0.97 Å. All other H atoms were located in a difference map refined subject to a DFIX restraint. Molecular diagrams were created using MERCURY [39] . Supramolecular analyses were made and the diagrams were prepared with the aid of PLATON [40] . Details of data collection and crystal structure determinations are given in Tables 1 and 2 . Connectivity within framework structures was analyzed using OLEX [41] .
Supplementary Material
Further details of the structural analyses, together with X-ray powder diffraction patterns, photoluminescence spectra and thermogravimetric analyses are given in the ESI. http://www.ccdc.cam.ac.uk).
Results and Discussion
Prior to commencing this study, systematic investigations using zinc(II) and cadmium(II) with bis(imidazole) derivatives and semi-rigid phenylenediacetates were rare [22, 36, 42] . It was therefore one of the aims of the research to investigate the synthesis conditions and methods required for the formation of coordination polymers as well as determining the effects of the conditions on the structures adopted.
Reactions were carried out with zinc(II) and cadmium(II) salts using o-, m-or pphenylenediacetic acid (H 2 opda, H 2 mpda and H 2 ppda) together with o-, m-or p-bis(imidazol-1-ylmethyl)benzene (obix, mbix and pbix) in a variety of solvents. From these reactions, the following compounds were isolated and structurally characterized:
[Cd(µ 3 -ppda)(µ-pbix)] n (14) . The best metal salts to form crystals were acetates, with only 14 prepared from a chloride instead. The reactions yielded crystals in water, DMF or a mixture of the two solvents. In the case of 1, 3-5 and 12-13, crystals were obtained following reaction at 120 °C. For 2, 6-10 and 14 the reaction mixture required heating at a higher temperature to yield crystals. Generally, reactions in water needed to be heated to a higher temperature to give crystals than those in DMF or a water/DMF mix. The reaction between Cd(O 2 CMe) 2 , H 2 mpda and mbix only yielded crystals using microwave irradiation, and in this case only a small quantity of product was isolated.
Compounds 3 and 4 are both networks based on zinc(II), mpda and mbix. In this case, use of aqueous NaOH gave 3 whereas water/DMF gave 4. The two compounds differ in the has been reported previously [36] , so the structure is described only briefly to provide comparison with the other members of the series. The distorted tetrahedral zinc center is coordinated to two nitrogen atoms from obix ligands and two carboxylate oxygen atoms. Pairs of obix ligands link zinc centers into Zn 2 (obix) 2 dimers, and these are linked into 2D sheets by the bridging ppda ligands (Fig 6a) . Each ppda ligands adopts symmetric trans-conformation with two carboxylate groups while the obix ligand adopts asymmetric trans-conformation with two imidazole rings. Adjacent 2D coordination polymers are joined by C-H···O hydrogen bonds to form a 3D supramolecular network.
{[Zn(µ-ppda)(µ-mbix)]·0.5H 2 O} n (7)
Crystals of compound 7 were obtained from the reaction of zinc(II) acetate with H 2 ppda and mbix in water at 170 °C. The asymmetric unit of 7 consists of two half-occupancy Zn(II) centers, one mbix ligand, one ppda ligand and one half non-coordinated water molecule, giving an overall formula of {[Zn(µ-ppda)(µ-mbix)]·0.5H 2 O} n (Fig. S7) . The Zn(II) center is coordinated by two nitrogen atoms from two different mbix ligands and two oxygen atoms from two different ppda ligands, and shows distorted tetrahedral coordination geometry. The ppda ligand adopts asymmetric trans-conformation while the mbix ligand adopts asymmetric cisconformation. Zinc(II) centers are linked by pairs of mbix ligands into Zn 2 (mbix) 2 dimers with a Zn···Zn separation of 9.867 Å. These dimers are connected into 2D sheets by the bridging ppda ligands (Fig. 7a) . The sheets have a 'brick wall' type topology, with Schlafli vertex symbol of {6 3 } (Fig. 7b ) and the formation of 72-membered rings. The mbix ligands protrude from the sheets, and this allows for interdigitation between adjacent sheets, which is facilitated by C-H···O hydrogen bonds between the methylene groups and carboxylate oxygen atoms and p···p interactions involving the benzene rings of the mbix ligands. (Fig. 9b) .
{[Zn(µ-ppda)(µ-pbix)]·H 2 O·DMF} n (8)
The asymmetric unit of 10 consists of one cadmium(II) center, one obix ligand, one mpda ligand and one non-coordinated water molecule (Fig. S10) . Fig. 10a . Neighbouring sheets are interpenetrated, and this gives rise to a 3D structure (Fig. 10b and Fig. 10c ). Most of the zinc(II) coordination polymers observed form two-dimensional networks, with five of the eight compounds complying with this. In contrast, two compounds (3 and 8) form onedimensional polymers whereas one (5) forms an interpenetrated three-dimensional structure.
{[Cd(µ-mpda)(µ-mbix)(H 2 O)]·H
The products are formed using different temperatures (120 °C to 170 °C) and solvents, but there appears to be no link between the reaction conditions and the product dimensionality.
The one-and two-dimensional polymers are cross-linked by C-H···O hydrogen bonds and p···p interactions, with in many cases some degree of inter-digitation observed, which serves both the maximise the intermolecular interactions and minimise the free space available. Seven of the eight compounds contain included solvent molecules.
Six cadmium(II) compounds containing bix and pda ligands have been structurally characterised. In all six crystal structures, the cadmium(II) center has a higher coordination 21 number than four, reflecting the larger size of cadmium(II) than zinc(II). The six compounds all form two-dimensional coordination networks. In three of the compounds (9-11), the nodes are made up from single cadmium(II) centers, whereas the remaining three (12) (13) (14) 
Powder X-ray Diffraction (PXRD), Photoluminescence and Thermal Properties
The experimental PXRD patterns of the complexes 1-14 agreed with simulated patterns from their single-crystal structures to confirm the phase purity of the complexes at room temperature 
